This manual describes the structure and usage of the computer program PLUG, which simulates the behavior of plug flow chemical reactors. More specifically, the code is designed to model the nondispersive one-dimensional flow of a chemically reacting ideal gas mixture in a conduit of essentially arbitrary geometry. The code makes use of the CHEMKIN and SURFACE CHEMKIN software packages to handle gas-phase and heterogeneous kinetics as well as thermodynamic properties. In addition, the standard implicit code DASSL is used to solve the set of differential/algebraic equations describing the reactor. These equations are briefly discussed here, after which the procedures for running PLUG are described in some detail. Input and output files for a sample problem involving chemical vapor deposition are given. *This manual describes version 2.0. This code is being incorporated into The CHEMKIN Collection of software, copyright 1995.
Portions of this document may be illegibie in electronic image products. Images are produced h m the best available original dOCUITlent INTRODUCTION * Tubular flow reactors have long been used throughout the chemical process industries. The tube flow configuration is a natural choice for processes that are carried out in a continuous fashion, and for this reason such reactors are usually operated at steady state. Traditional applications have included both homogeneous reactions (carried out in an empty tube) and fluid-solid heterogeneous reactions in packed beds. More recently, tubular reactors have been used extensively to deposit thin solid films via chemical vapor deposition (CVD) . While this is technically a batch process with regard to the solid deposit, the reactor still operates essentially at steady state for extended periods of time. A general problem facing the analyst, then, is to develop a mathematical model for the steady-state tube flow reactor that can be used for process design, optimization, and control.
Because the general equations for chemically reacting flow involve transport phenomena in addition to kinetics and thermodynamics, rigorous reactor models are by necessity multidimensional. However, there are often practical as well as mathematical reasons for considering idealized models of reduced dimensionality. In the case of tube flow, the accepted ideal is the plug flow reactor, in which it is assumed that there is no mixing in the axial (flow) direction but perfect mixing in the direction(s) transverse to this. It can be shown' that the absence of axial mixing allows the achievable reactant conversion to be maximized. Likewise, the lack of transverse gradients implies that mass-transfer limitations are absent, once again enhancing the reactor performance. Along with these practical advantages, the plug flow reactor can be modeled using first-order ordinary differential equations (ODE'S), and no transport properties are needed.
This manual describes a FORTRAN computer code that can be used to analyze plug flow reactors for arbitrary applications involving gases. Like other Sandia-developed codes such as SPIN, CRESLAF, and SURFACE PSR, it is designed to handle any user-specified gas-phase and surface reaction mechanisms by interfacing with the CHEMKIN2 and SURFACE CHEMKIN3 software. In addition, because the reactor equations can be formulated as a differential/algebraic system, the implicit solver DASSL4 is a natural choice for the solution algorithm. Process parameters and solution control options are supplied to the code via keyword input, and a self-explanatory output file is provided. In what follows, the governing equations for the plug flow reactor are first summarized for reference. The keyword input to be used in specifying the problem to be solved is then described in detail, and the mechanics of actually running the code are discussed. Finally, the input files for a sample problem are given, and the features of the output file are pointed out.
*

REACTOR EQUATIONS
The equations governing the behavior of the plug flow reactor are drastically simplified versions of the general relations for conservation of mass, energy, and m~mentum.~ They can be derived most easily by writing balances over a differential slice in the flow direction x, with th6 stipulations that (a) there are no variations in the transverse direction, and (b) axial diffusion of any quantity is negligible relative to the corresponding convective term. In this way the overall mass balance (continuity equation) for the gas is found to be I .
--gas
Here p is the (mass) density and u the axial velocity of the gas, which consists of Kg species; w k is the molecular weight of species k, and gk is the molar production rate of this species by all surfuce reactions. The quantities A and ai are the cross-sectional (flow) area and the internal surface area per unit length, respectively, of the reactor; each can be a function of x . Equation (1) simply states that the mass flow rate of the gas can change as a result of generation or consumption by surface reactions. A similar equation can be written for each species individually:
Here Y k is the mass fraction of species k and w k is its molar rate of production by homogeneous gas reactions. Such reactions cannot change the total mass of the gas, but they can alter its composition.
Turning now to the energy equation, one finds bulk where h k is the specific enthalpy of species k, cp is the mean heat capacity per unit mass of the gas, T is the (absolute) gas temperature, and bk is the molar production rate of bulk solid species k by surface reactions. The distinction between bulk and surface species is discussed in the SURFACE CHEMKIN m a n~a l .~ Equation (3) states that the total energy (enthalpy plus kinetic) of the flowing gas changes due to the heat flux Qe from the surroundings to the outer tube wall (whose surface area per unit length is a,) and also due to accumulation of enthalpy in the bulk solid. Equivalently, the right-hand side of Eq. (3) can be written as where Qi is the heat flux to the gas from the inner tube wall. The methods for handling Qe and Qi will be discussed below. It is worth noting that Eq. (3) does not involve the enthalpies of the suiface species.
The momentum equation for the gas expresses the balance between pressure forces, inertia, viscous drag, and momentum added to the flow by surface reactions. Thus where P is the absolute pressure and F is the drag force exerted on the gas by the tube wall, to be discussed below. The pressure is related to the density via the ideal-gas equation of state:
where R is the universal gas constant and w is the mean molecular weight.
Since the heterogeneous production rates g k and bk will depend, in general, on the composition of the surface as well as that of the gas, equations determining the site fractions Zk of the K, surface species are now needed. Assuming that these species are immobile, the steady-state conservation equations are extremely simple:
i.e., the net production rate of each surface species by heterogeneous reactions must be zero. There is, however, a complication. In PLUG it is assumed that the total site density for each surface phase is a constant. As a result, the algebraic equations represented by (6) are not all independent, and for each phase one of the equations must be replaced by the condition S k = o (6) phase In order to minimize errors, Eq. (7) is used to replace Eq. (6) for the species having the largest site fraction. An analogous relation for the gas phase is not needed, since (2) is a differential (as opposed to algebraic) equation. In fact, by summing Eqs. (2) it can be shown that the Yj will automatically add up to unity at each point.
The system of governing equations for the reactor is now mathematically closed. However,
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because the residence time r of the gas is often a quantity of interest, it is useful to include an equation that computes it automatically. This is simply
Equations (1) ai(z) , and ae(x) are fixed by the reactor geometry. This then leaves only Qe, Qi, and F to be addressed.
PLUG actually provides five different options for handling the reactor energy balance. First of all, the reactor can be declared to be isothermal, or the (axial) temperature profile can be specified via a subroutine; in either case Eq. (3) is not used. Alternatively, the reactor can be declared to be adiabatic (&e = 0), or the axial heat flux profile Qe(z) can be specified. The final option is to write Qi in terms of the ambient temperature Too and an overaEE heat-transfer coefficient U :
Both Too and U must be supplied by the user.
The viscous drag force F is written in terms of a friction factor f as follows:
The friction factor can in turn be expressed as a function of the local Reynolds number
where D is the tube diameter (or the mean hydraulic diameter for a conduit with a noncircular cross section) and p is the gas viscosity. For laminar flow (Re < 2100) the analytical result for round tubes is
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$=Re while for turbulent flow one can use the approximate Blasius formula'
This approach is rather crude, especially for noncircular conduits, but viscous drag is usually of very minor importance in gas-phase reactors, In keeping with this, and in order to avoid having to use the CHEMKIN Transport package, the gas viscosity is computed by scaling the inlet value (supplied by the user) by (T/'23°.5 and ignoring the composition dependence.
It remains to specify the initial (inlet) conditions for the reactor. Clearly, values for p, u, T , P, and Y k at z = 0 should be known or easily obtainable from the problem statement, the ideal gas law, and the reactor geometry, and of course r = 0 at this point. Since there are no derivatives of the z k in the governing equations, it might appear that no initial conditions are needed for them. However, DASSL requires that all algebraic equations be satisfied at the initial point, so Eqs. (6) and (7) 
KEYWORD INPUT
Before running PLUG, the user must prepare three separate input files: one for CHEMKIN, one for SURFACE CHEMKIN, and one for PLUG itself. The first two are described in the respective user's r n a n~a l s ,~,~ so attention will be focused here on the third, which enables the user to specify the process parameters for a particular simulation. The file also contains some solution control options which should ideally have little effect on the final results, but which may allow the solution to be obtained more easily and/or accurately.
Each line in the input file begins with a keyword, which may be followed by a chemical species name and/or a numerical value. The specific rules governing keyword input are as follows:
1. The first four columns in the line are reserved for the keyword, which must begin in column 1. 
5.
A numerical value can be stated in any format (integer, fixed point, or floating point). The 6. If a keyword is repeated or conflicts with another, then the one last read takes precedence. 7. The last line must contain the keyword END alone. Aside from this, the order of the lines is A summary of the available keywords and their usage is given below. It should be emphasized that many of the keywords will not appear in a given input file, either because there are default values or because there are other (perhaps conflicting) options available. For each keyword, the short description clearly indicates the circumstances, if any, under which it must be used.
Reactor Dimensions
precision (single vs. double) is determined by the code rather than the input format. DIAM Tube diameter. This is to be input only if the reactor is a round, empty tube of constant cross section (and with a negligible wall thickness if keyword QFIX or HEAT is used). Otherwise, subroutine GEOM must be used to specify the reactor geometry. Units: cm Default value: None; if omitted, subroutine GEOM will be used.
P
Reactor Type
ADIA Flag indicating that the reactor is adiabatic. This is the default.
IS0
Flag indicating that the reactor is isothermal, i.e., the temperature is constant at the value specified by TEMP.
Flag indicating that the reactor has a specified axial temperature profile. This must be provided in the function TSPEC(X), and any value specified with keyword TEMP will be ignored.
QFIX Flag indicating that the reactor has a specified external heat flux profile. This must be provided in the function QE(X).
HEAT Flag indicating that the heat flux to the reactor will be calculated using a specified ambient temperature (TINF) and overall heat-transfer coefficient (BIGU).
TFIX
. DX Output distance interval. This governs the frequency of printing and has no effect on the accuracy of the solution. Units: cm Default value: 0.01 NNEG Flag instructing DASSL to try to constrain all components of the solution vector to be non-negative. This is usually unnecessary, but it may help to use this keyword if negative solution components appear to be causing problems.
Process Parameters
TSTP Initial time step for integration of the fictitious transient equations by DASSL. Steady state is assumed to be reached when there is no significant change in the surface site fractions over the course of one time step (see RCHG below). Clearly, this will be erroneous if the time step is simply too short to allow any significant reaction to take place. In this case the main reactor simulation should fail, with DASSL returning an error flag of IDID = -12. This signifies that DASSL is unable to adjust the initial derivatives so as to satisfy all of the equations at the reactor inlet, and this is a foregone conclusion if any purely algebraic equations are not already satisfied. Should this occur, the simulation should be repeated with a larger value for TSTP (or, perhaps, a smaller value for RCHG). Units: sec Default value: 1 a RCHG Maximum relative change in the surface site fractions (over one time step) for which the fictitious transient equations can be considered to have converged to steady state. Caution: If this parameter is set too large relative to RTOL, then the main reactor simulation may fail with IDID = -12, as discussed above, because the algebraic equations will not appear to be satisfied at the inlet. Units: None Default value:
END Flag indicating the end of the input file, This line is required, and all subsequent lines will be ignored.
RUNNING THE CODE
The first step in preparing to run PLUG is to generate a standard CHEMKIN input file, which should be named chem.inp. When this is processed by the CHEMKIN interpreter, one obtains both a text file chem.out, which contains summary and diagnostic information, and a binary linking file chem.bin. Next a surface input file surf.inp must be created, and the SURFACE CHEMKIN interpreter uses both this and chem.bin to produce its own output files, surf.out and surf-bin. (If one is solving a purely gas-phase problem, then surfhp should consist of a single blank line.) The two binary linking files are now available to provide PLUG with information on the gas-phase and surface kinetics and thermodynamics. The last piece of input is the keyword file described above, which should be named plughp.
The next step is to compile the PLUG code itself, if this has not already been done. Recompilation will be necessary if any of the problem-specific subroutines or functions (i.e., GEOM, TSPEC, or QE) has been altered or if any of the parameters limiting the problem size has been reset. (The code generates an error message and halts execution if one of more of these parameters is too small.) Of course, the code must also be re-compiled if it has been switched from double to single precision (or vice versa), which is easily accomplished using the CHANGE utility.6 In any case, once PLUG has been compiled, it must be linked with the object codes for DASSL and the CHEMKIN and SURFACE CHEMKIN subroutine libraries. If the version of DASSL being used is not completely self-contained, it will also be necessary to link some additional math routines; this will be evident from the diagnostic messages.
Assuming that the linking is successful, an executable version of PLUG is produced, and this can be run (in conjunction with chem.bin, surf.bin, and pluginp) to yield the output file plug.out. If the execution terminates normally, then results are printed at intervals along the entire reactor, as specified in the keyword input. A sample output file for a successful run is shown in the following section. If a fatal error is encountered during execution, then the results obtained to that point are still printed, but these are followed by a self-explanatory error message and the program halts.
For reference, a sample set of UNIX commands for running PLUG is as follows: 
SAMPLE PROBLEM
This section contains the input and output files for a sample problem involving the chemical vapor deposition of silicon nitride (Si3N4) from SiF4 andNH3. This is the same system that has been used to demonstrate most of the other CHEMKIN-based reactor codes developed at Sandia. Since the CHEMKIN and SURFACE CHEMKIN input and output files have been described previo~sly,~ the following discussion will focus on the files specific to PLUG.
The input file plug.inp specifies a process in which a gas mixture with an NH3/SiF4 mole ratio of 6:l is fed into a tubular reactor at a rate of 588 sccm. The inlet pressure is 2Torr, and, because the surface kinetic data is valid only at 1713 K, the entire reactor is maintained at this temperature. The length and diameter of the reactor are 60 cm and 5.08 cm, respectively. From this information it can be shown that the axial Peclet number based on inlet conditions is about 70, while the radial Damkohler number is roughly 0.2. It follows that the plug flow assumptions are reasonably well satisfied by this process.
The input file also contains guesses for the surface site fractions at the reactor inlet. In order to test the code as fairly as possible, these are all assigned the same value of 1/6, PLUG is able to solve this problem with no apparent difficulty, and the file plug.out shown below contains the results. First, the version numbers for PLUG, CHEMKIN, and SURFACE CHEMKIN are printed. These are followed by an echo of the keyword input. If any errors had been detected in plug.inp, appropriate messages would have been printed here. Next is a statement that PLUG was successful in integrating the fictitious transient equations to steady state, despite the crudeness of the initial estimates. This yields the true surface site fractions at the inlet and allows the main reactor simulation to begin.
The results of the computation are printed at intervals of 10 cm, a specified by the keyword DX. At each point there is information about the states of the gas and surface phases, the gas flow velocity, the residence time, and the bulk phase deposition rates. Several interesting features can be noted. First, it is clear that there is very little gas-phase reaction occurring: at the reactor exit, 99.99% of the gas is comprised of SiF4, NH3, and HF. On the other hand, the surface processes are fairly rapid, causing SiF4 to be severely depleted and HF to build up. The resultant net increase in the number of gas-phase molecules causes the flow velocity to rise by 17% between the inlet and the exit. Still, the overall pressure drop is a barely perceptible 0.04 Torr.
Turning to the solid phases, one sees that the surface is dominated by the species HNNH2(S); not surprisingly, the same result has been observed in other reactor simulation^.^ Of more practical interest is the Si3N4 deposition rate, which falls by a factor of 3 along the reactor. This is a direct result of the SiF4 depletion noted above. At all points, however, the Si:N molar deposition ratio is maintained precisely at 0.75, a good indication that the equations are being solved correctly. 
CHEMKIN Output File for Sample Problem
SURFACE CHEMKIN Output File for Sample Problem
